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Abstract
To reach the goal of large-scale seaweed cultivation in Norway and the rest of Europe, new knowledge about the commercially
important kelp species Saccharina latissima is needed. Efforts to maximise biomass by outplanting the seaweed in different
seasons can affect seaweed quality. Here, we investigate the effects of outplanting time (February, April, and May) when
cultivating S. latissima in the northern range of the species’ distribution. We studied the quantity and quality of the seaweed
biomass produced in the autumn following outplanting. Effects on quantity were evaluated as seaweed frond area, relative daily
growth rate (DGR) and relative daily shedding rate (DSR). Quality was evaluated by tissue content of carbon and nitrogen
compounds and number of fouling epizoans. Cultivation was successful when seedlings were outplanted in both February and
April, but not in May. An earlier outplanting, in February, gave a prolonged time for grow-out at sea prior to the main recruitment
event of epizoans that occurred in September, thereby earlier outplanting resulted in larger frond areas. The frond area reached in
September was doubled when seedlings were outplanted in February compared to April, whereas a later outplanting in April gave
a higher DGR and DSR, higher carbon content, and lower amount of fouling epizoans. The outplanting season did not affect
tissue nitrate concentration or internally stored nitrate. These results show that outplanting time is an important factor to consider
especially for biomass yield, but also for seaweed quality, including epibiosis of the seaweed biomass.
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Introduction
Due to a steadily increasing food and energy demand, the UN
have declared 17 Sustainable Development Goals (SDG) for
2030. Seaweed aquaculture can contribute to several of these
(SDG 2 – zero hunger; SDG 3 – good health and well-being,
SDG 12 – Responsible consumption and production; SDG 13
– climate action; SDG 14 - life below water) (Custódio et al.
2020; FAO 2020), by producing nutritional and healthy
biomass (García-Poza et al. 2020) and supporting ecosystem
services such as removal of dissolved inorganic nutrients and
carbon dioxide, decreasing eutrophication and acidification of
coastal waters (Jiang et al. 2020), and habitat provision (Visch
et al. 2020a, 2020b). In 2018, seaweed aquaculture (red, green
and brown algae) accounted for 32.4 million of 114.5 million
tonnes of biomass from aquaculture and 13.3 billion of 263.6
billion US$ (FAO 2018, 2020). Presently the bulk of this
seaweed production occurs in six Asian countries (Chopin
2014) but is also one of the fastest growing industries in coun-
tries with developed economies (Buck et al. 2017).
In the northwest Atlantic Ocean, sugar kelp, Saccharina
latissima (L.) C.E. Lane, C. Mayes, Druehl, and G.W.
Saunders, is the preferred cultivated seaweed because of its
high growth rate (Handå et al. 2013; Bak et al. 2018; Sharma
et al. 2018), valuable tissue content (Marinho et al. 2015;
Stévant et al. 2017; Sharma et al. 2018), and a life cycle that
can be regulated (Forbord et al. 2012). In China, sporelings are
outplanted in autumn when the seawater drops below 20 °C
(Tseng 2001, 2004). In Europe, different cultivation proce-
dures were launched in the 1980s and 1990s (Druehl et al.
* Sanna Matsson
sma@akvaplan.niva.no
1 Akvaplan-niva, N-9296 Tromsø, Norway
2 Institute of Arctic and Marine Biology, UiT - The Arctic University
of Norway, N-9037 Tromsø, Norway
3 Department of Oceanography, Dalhousie University, Halifax, Nova
Scotia B3H 4R2, Canada
4 Department of Fisheries and New Biomarine Industry, SINTEF
Ocean, N-7465 Trondheim, Norway
Journal of Applied Phycology
https://doi.org/10.1007/s10811-021-02441-z
1987; Kain and Dawes 1987; Druehl et al. 1988; Kain et al.
1990). However, the industry itself is still in its infancy in
Europe, and the conditions under which quantity and quality
of the yield can be maximised are not well known. Yet, opti-
misation for these conditions is essential for establishment and
further development of seaweed aquaculture. Depending on
location and latitude, the cultivation period for this species is
determined by seasonal changes of environmental parameters
(i.e., light, temperature, and nutrients) that affect growth and
build-up of desirable chemical compounds (Broch et al. 2019;
Forbord et al. 2020). At the same time, variations in growth
and quality have been recognised to vary spatially on metre to
kilometre scales (Visch et al. 2020b) and with latitude
(Forbord et al. 2020). Saccharina latissima grows optimally
within 10–15 °C and at light levels above 70 μmol photons
m−2 s−1 (Fortes and Lüning 1980). In winter at 69 °N, above
the Arctic circle, the sea water temperatures are below 4 °C
(Matsson et al. 2019) and the sun do not rise above the horizon
until late February. Therefore, the effect of outplanting of
S. latitissima in its northern range of the species’ distribution
in Norway can vary from other more southern locations.
The quantity and quality of produced biomass is affect-
ed by the chemical composition, growth and shedding
rates of S. latissima. Both quality and quantity are regu-
lated by a combination of abiotic factors and their season-
al interactions, along with biotic factors such as life stage
and age of the seaweed sporophyte (Bartsch et al. 2008;
Roleda and Hurd 2019; Forbord et al. 2020). Nitrogen (N)
most commonly limits seaweed growth (Roleda and Hurd
2019) and variations in seaweed growth rates correspond
to variations in ambient nitrogen supply and internally
stored nitrate (Bartsch et al. 2008). Seasonal N fluctua-
tions are high in the Arctic and N is usually limited in
summer (Hurd et al. 2014). The C:N ratio can vary from 5
to 40 for different macroalgae, where values above 10–15
indicate possible nitrate-limited growth, and values below
that ratio indicate storage of nitrogen (Hanisak 1983).
When environmental nutrient concentrations are high
(i.e., in winter in temperate regions) Laminariales, includ-
ing S. latissima, can store nutrients that can be used for
growth later when ambient nutrient levels decrease.
Additionally, sporophytes with higher tissue N can exhibit
higher protein content (Mortensen 2017; Forbord et al.
2020), in turn an indicator of seaweed quality. Later in
summer when water temperature increases, light availabil-
ity is high, and nutrients are depleted in surface layers, the
seaweeds store energy in carbohydrates (Black 1950).
Consequently, seaweed yield and quality vary with ambi-
ent environmental conditions particularly in the highly
seasonal Arctic (Bartsch et al. 2008). Following seasonal
environmental changes, epizoans (i.e., sessile epibiotic
animals (Wahl 1989)) begin to attach to the seaweed sur-
face, altering seaweed biomass quantity and quality
(Matsson et al. 2019; Forbord et al. 2020), and these
epizoans limit the cultivation period. The end-product will
therefore be affected by the timing of outplanting and
harvest (Peteiro and Freire 2012; Bruhn et al. 2016;
Forbord et al. 2020). In Europe, much research is focused
on maximising seaweed biomass yields by optimising the
timing for growth and quality for the intended end-prod-
ucts. It is, therefore, of high interest for seaweed farmers
to be given guidelines on outplanting and harvest times
that maximise quality and minimise biomass loss.
Epizoan species composition and peak abundance may
vary with season and location (Wahl 1989; Hepburn et al.
2006; Forbord et al. 2020). The bryozoan Membranipora
membranacea (L.) is one of the most common epizoans
fouling seaweed fronds (Saunders and Metaxas 2009;
Marinho et al. 2015; Forbord et al. 2020). Its hard calcium
carbonate skeleton deteriorates the seaweed quality and
compromises the structural integrity of the frond, causing
up to 100% loss of biomass (Krumhansl et al. 2011;
Skjermo et al. 2014). Seaweed frond elongation occurs
at the base/meristem while the tips are shed continuously,
and fronds of Laminariales can turnover 1 to 5 times a
year (Mann 1973). Fouling organisms are thereby re-
moved with the shed seaweed tissue, and growth and
shedding rates can reduce amount of epizoans.
Here we examined the effect of outplanting time (win-
ter to spring) of S. latissima in the northern range of the
species’ distribution by measuring the quantity (frond ar-
ea, growth and shedding rates) and quality (tissue content
of carbon and nitrogen compounds and density of
epizoans) of seaweed biomass produced the following au-
tumn. We hypothesised that earlier outplanting would (1)
result in higher content of nitrogen components in kelp
tissue due to higher ambient nitrate concentrations at the
time of outplanting and (2) produce larger frond areas,
prolong the seaweed growth season, and increase rate of
shedding, and thereby also (3) affect the occurrence of
epizoans and bryozoan settlers. Considering the commer-
cial importance of S. latissima, this trial has an industrial
application in that it will provide important information
on the cultivation of this species in its northern distribu-
tion range in the Norwegian Sea.
Methods
Material collection and site
Seedlings of Saccharina latissima were prepared for three
outplanting dates (February, April and May 2018). Parent
plants with sori were collected for the February
outplanting on 5 January 2018 at the harbour in Tromsø
(69° 39′ 07′′ N/18° 57′ 48′′ E). Parent plants without sori
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were collected for the April and May outplantings from a
seaweed cultivation site nearby Kvaløya (69° 45′ 21′′ N
19° 02′ 17′′ E) on 31 October 2017 and 21 February 2018,
respectively. Fertile sorus tissue was induced, when not
occurring naturally, by removal of the basal blade meri-
stem, and kept in tanks indoors with running seawater
from 30-m depth and a 16:8 h day:night regime as in
Forbord et al. (2012). To ensure contaminant-free spore
release, sori were disinfected with 5% NaHCl (Rød 2012),
blot-dried with paper towels and transferred to zip-lock
bags for 24 h. The disinfected and dehydrated sori were
sent to SINTEF Sealab in Trondheim for spore release
(number of fertile sporophytes: N = 14, N = 9 and N =
13 for the first, second and third outplantings, respective-
ly). A solution containing ~250.000 spores mL−1
(February and May outplantings) or ~ 150.000 spores
mL−1 (April outplanting) was sprayed onto a 1.2-mm
diametre twine coiled around six PVC spools per
outplanting. Although the spore density of the solution
differed between outplantings, spraying to full saturation
in all cases provided a high likelihood of similar density
and high density, though sporeling density was not deter-
mined. From more than a decade of experience, the pro-
ducing lab’s staff observed similar size of sporelings
when sprayed on ropes (Forbord pers. com.); actual size
was not measured. The twines were then incubated and
grown under identical conditions for 6 weeks in nutrient-
rich seawater (148 μg NO3
− L−1, 20.6 μg PO4 L
−1) in a
flow-through (120 L h−1), light- and temperature-
controlled system at the seaweed hatchery (70 μmol pho-
tons m-2 s−1 at the surface and 10 °C) as in Forbord et al.
(2018). The spools with best seedling growth were packed
in polystyrene boxes and express-shipped to Tromsø,
where they were spun around 14-mm diametre ropes
tightly to ensure high density of sporelings in all treat-
ments. They were outplanted (Fig. 1) on the day of arrival
(21 February, 4 April and 15 May).
Each outplanting consisted of seven vertical ropes attached
to a horizontal carrying rope (Fig. 2) with seaweed seedlings
spread at 1–2 m depth, for a total of 21 ropes. Each rope had a
1-kg weight at 2-m depth. The farm was situated at ~100 m
from the shore.
After 3 weeks, most sporelings from the May outplanting
had disappeared, possibly because the spring bloom covered
the ropes with other algae competing for light and nutrients.
However, there were some surviving sporophytes for the last
census of the experiment in September.
In June, there was an observed difference in density
between the two earliest outplantings, with a higher spo-
rophyte density in the February outplanting compared to
the April outplanting. This was most likely an effect of
self-thinning. To achieve an even distribution of seaweed
along the ropes, density was thinned to 100 individuals
per metre rope on 8 June by removing individuals, includ-
ing the very smallest ones (≤10 cm in length).
Data collection and analyses
Environmental variables
Temperature (°C) and light intensity (Lux) were recorded
at 2 m depth from 9 March to 5 September 2018 every
15 min using Onset HOBO pendant loggers (USA; tem-
perature accuracy ±0.53 °C, resolution 0.14 °C) fixed to
the rig (Fig. 2). The Lux measurements were converted to
PAR using the relationship PAR = 0.0291 Lux1.0049
(Long et al. 2012; Broch et al. 2013). Loggers were
cleaned at every sampling date to minimise the effect of
fouling.
Samples for ambient (extracellular) nitrate (E-DIN) con-
centration were collected using a Ruttner water sampler (N =
3, per sampling period).
Tissue composition
Samples for total tissue nitrogen (QN), intracellular nitrate
concentration (I-DIN), and carbon (C) analyses were col-
lected once to twice per month. Six seaweed fronds (with-
out the stipes) were haphazardly collected from each of
the seven replicate ropes on every sampling date from 2
May for the February outplanting, from 16 May for the
April outplanting and until 5 September for both
outplanting. The May outplanting only had enough bio-
mass for one sampling date at the end of the experiment.
The samples were shaken for 30 s to remove excess water
and placed in pre-marked plastic zip-lock bags and plastic
bottles. On shore, the samples were put into a −18 °C
freezer and stored until analysis.
Fouling organisms were removed and the middle of the
seaweed fronds was selected for all nutrient analyses
modified from Forbord et al. (2020). Briefly, for analysis
of intracellular nitrate content (I-DIN), 0.06 g semi-frozen
S. latissima material from each sample was placed in test
tubes with 6 mL of distilled water, boiled for 30 min (with
marbles at the surface to prevent evaporation), cooled,
filtered into 15-mL plastic tubes using a 0.45-μm
polysylfone syringe filter and diluted by mixing 0.3 mL
of the solution with 9.7 mL distilled water. The tubes with
the diluted solution were placed in a −20 °C freezer until
further analysis. Prior to analysis, the tubes were
defrosted and shaken. E-DIN and I-DIN were analysed
by standard seawater methods (Randelhoff et al. 2018)
using a Flow Solution IV analyser from O.I. Analytical,
USA. The nutrient analyser was calibrated using reference
seawater from Ocean Scientific International Ltd. UK.
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Total tissue C and Nwere analysed by drying samples at 60
°C for 24 h. The dried samples were homogenised and
pulverised, and 0.55–0.75 mg weighed into 6 × 2.9 mm tin
capsules using a Mettler Toledo MX5 ultra-microbalance and
analysed with a CHN elemental analyser (Leeman Lab CEC
440 CHN analyser) with acetanilide as standard.
The dry weight (DW) of the sporophytes used for I-
DIN calculations was calculated by measuring the wet
weight (WW) and DW of three individuals per rope from
each outplanting harvested the 17 July (DW = 0.14 g g−1
WW, SE 0.0047).
Seaweed growth (frond area, DGR and DSR)
The area of the frond was estimated from length and
width measurements, corrected for frills. The correction
factor was estimated based on the relationship of frond
length and width to actual area as in Yorke and Metaxas
Fig. 1 a Location of Tromsø in northern Norway. b Location of the experimental site marked with a star
Temp & light 
loggers
1-2 m
Fig. 2 Experimental set-up with 7 vertical ropes per outplanting date,
seeded with S. latissima at 1–2 m depth (not at scale). Each rope was
attached to a buoy (yellow circles), placed approximately 6 m apart on a
horizontal carrying rope. Marker buoys (orange dots), weights and moor-
ing ropes (grey squares and grey lines) formed the cultivation rig
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(2012). The seaweed frond was cut into small pieces and
laid flat on a white background, and each section was
photographed with an Olympus Tough F2.0 digital cam-
era. The pictures were analysed in ImageJ (Schneider
et al. 2012) and total area and frond areas were calculated
as follows:
Frond area ¼ 0:289  L Wð Þ1:15;R2 ¼ 0:98 ð1Þ
where L is the total frond length and W is the width of the
widest part of the frond.
The hole-punching method (Parke 1948) was used to mea-
sure gross growth in frond length and loss through shedding of
the seaweed frond. A hole was punched 5 cm from the tran-
sition between the stipe and the frond on 6–10 haphazardly
chosen individuals from each of the seven replicate ropes in
each treatment. A new hole was punched once to twice every
month and the distance between the new and the old holes and
between the old holes was measured. To minimise the impact
from handling on the fragile fronds, hole punching was initi-
ated when the sporophytes were considered robust enough (2
May and 8 June for the February and April outplantings
respectively).
From the distance measurements between holes, the rela-
tive daily growth rate (DGR), and relative daily shedding rate
(DSR) were calculated as follows:
DGR day−1













where L0 is the total frond length on the previous sampling
date, Lt is the total frond length on the following sampling
date, G is gross frond growth since previous sampling, calcu-
lated by adding the length increase between the punched
holes, and t is days since last sampling date.
Epibiosis (total, species and M. membranacea
settlers)
At each sampling date, three sporophytes per rope were col-
lected haphazardly and kept moist and cool until analysis. The
seaweed frond was divided into three equally long sections
representing meristematic, middle, and distal (tip) regions to
test for effects of frond age on epizoans, and the number of
epizoan individuals/colonies was identified and counted.
Colonies of the abundant bryozoan M. membranacea were
subdivided into two size classes: < 2 zooid rows were
categorised as (early) settlers and ≥ 2 zooid rows as colonies
as in Saunders and Metaxas (2007), using magnifying eye-
wear (Watch Repair Magnifyer) (× 25). When a colony
covered two frond areas, it was included in the frond area
nearest the stipe.
Statistics/data analysis
The effects of timing of outplanting (fixed factor, three levels)
and date (random factor, seven levels) on QN, I-DIN, C:N and
C were examined with a two-way analysis of variance
(ANOVA). Outliers for QN and C were removed because
the very low values were assumed to be the result of an anal-
ysis error. The data were normally distributed for most vari-
ables (except for I-DIN on 7 June, 17 July, 1 August and 13
August for the February outplanting and 7 June for April
outplanting, C:N on 16 May for February outplanting and 7
July for April outplanting), as assessed by Shapiro-Wilk's test
(p > 0.05). Variances were homogeneous (p > 0.05) for most
variables (except for carbon p = 0.047, and C:N p = 0.003), as
assessed by Levene’s test. Significant differences between
means were examined using post hoc tests with Bonferroni
corrections. Relationships between E-DIN, I-DIN and QN
were examined using linear regression, including a potential
time-lag effect of external nitrogen tested using E-DIN data
from succeeding sampling date (‘delayed E-DIN’). ANOVA
was used to examine the effects of the effects sampling date
(repeated measures, random factor, five levels) and
outplanting time (fixed factor, two levels) on the DGR and
DSR. The data were normally distributed, as assessed by
Shapiro-Wilk’s test (p > 0.05) and variances were homoge-
neous (p > 0.05) for most data, as assessed by Levene’s test.
For the repeated measures ANOVA, Mauchly’s test was used
to test the assumption of sphericity, which was met for DSR
but not for DGR; therefore, p values for tests were adjusted
using the Greenhouse-Geisser corrections (Queen et al. 2002).
Two-way ANOVA was used to test the effects of
outplanting time (fixed factor, three levels) and date (random
factor, 5 levels) on the amount of epizoans. Most data were
normally distributed as assessed by Shapiro-Wilk’s test (p >
0.05), except data from the initial colonisation in the April
outplanting (28 June; p = 0.012, 17 July; p < 0.001, 1
August; p = < 0.001) and February (28 June; p = 0.006).
The data were log-transformed without much improvement.
Three-way ANOVA was used to examine the effects of
outplanting time (fixed factor, two-three levels), sampling
date (random factor, five levels) and frond section (fixed fac-
tor, three levels) on the dependent variable M. membranacea
settlers. In cases where the variances were heterogeneous or
deviated from normality, data were log-transformed which
yielded little improvement. Since ANOVA is relatively robust
to heterogeneity of variance when group sizes are approxi-
mately equal (Jaccard and Jaccard 1998) and to deviations
from normality (see Maxwell et al. (2017)), the two-way
ANOVAwas done on the untransformed data. Statistical anal-
yses were performed using IBM SPSS Statistical software
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(Version 25) and graphs produced by using R, version 3.5.1




Water temperature gradually increased from 2.9 °C on 9
March to 3.7 °C by 4 April (April outplanting) and 5.2 °C
by 15 May (May outplanting) (Fig. 3, left y-axis). By the
end of July, seawater temperatures were rather stable at
~10 °C. The average daily irradiance in PAR increased
rapidly from February onwards with increasing day length
with an average of 32, 81 and 116 μmol photons m−2 s−1
at the February, April and May outplantings, respectively
(Fig. 3, right y-axis). From mid-May until the end of June,
measured irradiance decreased, most likely because of
shading caused by phytoplankton bloom and fouling on
the loggers. E-DIN was highest in April (Fig. 4) and
steadily decreased to less than 0.1 μM in August, when
it started to increase again.
Tissue composition
QN ranged from maximum mean values of 2.4 mg N g
−1
DW in May to a minimum of 0.78 mg N g−1 DW in the
beginning of August, and was significantly affected by
date (Fig. 4, Table 1). I-DIN peaked in June with maxi-
mum mean values of 0.96 mg NO3
− g−1 DW for the
February outplanting and 0.51 mg NO3
− g−1 DW for the
April outplanting, and minimum values for both
outplantings in August. There was a significant interac-
tion of outplanting time and sampling date on I-DIN (Fig.
4, Table 1) and a significant effect of sampling date on I-
DIN, and I-DIN storage was greater for the February than
the April outplanting. After June, these elevated levels of
I -DIN were reduced to s imi la r leve ls be tween
outplantings. Both I-DIN and QN were affected by the
Fig. 3 Seawater temperatures and
light averaged over 24 h across
the deployment period of
S. latissima at 69° N at 2 m depth.
× = sampling times, including
cleaning of loggers. Arrows
indicate April and May
outplanting dates
Fig. 4 Extracellular nitrate (E-
DIN) (μM) measured in the water
column at 69° N at 1 m depth
(black line), intracellular nitrate
(I-DIN) (mg NO3− g−1 DW)
(dotted line), and total nitrogen
content (QN) (mg N g−1 DW)
(stippled line) of S. latissima
fronds. The arrow shows when
the ropes were thinned. Mean ±
SE, n = 3
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fluctuations of E-DIN (Table 2), where the variance of QN
was better explained by E-DIN than by I-DIN. Both I-
DIN and QN had a delayed response (2–3 weeks, i.e.
subsequent sampling date) to changes in E-DIN (Table 2).
C:N ratios increased from low values around 10 in May to
peak values of 30–40 in August (Fig. 5a). There was a signif-
icant interaction between outplanting time and date on C:N
ratio (Table 1). C:N ratio increased over sampling time, until
the last sampling, where the E-DIN levels started to rise (Figs.
4 and 5a). C:N ratio was higher for the April than the February
outplanting from mid-July to mid-August (Table 1) and both
were higher than the May outplanting in September (Table 1).
Tissue carbon content was significantly affected by both
outplanting time and date (Fig. 5b, Table 1), increasing with
time and being higher for the seaweed outplanted in April
compared to February.
Seaweed growth (frond area, DGR and DSR)
Frond area increased with time (Fig. 6a). The initial absolute
growth was higher for the April than the February outplanting
from outplanting date until the first sampling (at day 70 for the
February outplanting and day 65 for the April outplanting),
but the opposite was the case over the entire study period (196
and 154 days, respectively). Fronds were longest on the last
sampling date (5 September) for both the February (147.8 ±
7.65 cm) and the April outplantings (87.5 ± 4.70 cm) (n = 7),
compared to 26.8 ± 5.43 cm (n = 6) for the May outplanting.
Table 1 Results of two-way
ANOVA analysing the effects of
outplanting time of S. latissima at
69° N (fixed factor, three levels)
and sampling date (random factor,
seven levels) on total nitrogen
(QN), intracellular nitrogen (I-
DIN), Carbon and C:N . P values
are presented in bold for
αcrit(0.05). F: February
outplanting, A: April outplanting,
M: May outplanting
Effect df MS F p Post hoc (Bonferroni correction)
Total nitrogen (QN), total nitrogen (QN)
Outplanting time 2 0.17 2.94 0.120
Date 6 6.85 116.51 0.001
Outplanting time × date 6 0.06 1.83 0.100
Error 83 0.03
Intracellular nitrogen (I-DIN)
Outplanting time 2 0.15 1.35 0.330
Date 6 1.04 8.74 0.009
Outplanting time × date 6 0.12 10.19 0.001
Error 80 0.01
C:N
Outplanting time 2 313.39 5.16 0.046
Date 6 1990.16 31.08 0.001
Outplanting time × date 6 0.06 2.49 0.029 17 July: F < A, 13 August: F <
A, 5 September: F = A > M
Error 83 25.69
Carbon
Outplanting time 2 49.36 7.97 0.017
Date 6 116.21 18.00 0.001
Outplanting time × date 6 6.46 1.92 0.087
Error 83 3.37
Table 2 Regression coefficients for the relationships between variables
associated with nutrient status; extracellular nitrate (E-DIN), intracellular
nitrate (I-DIN), and total nitrogen content (QN), and ‘delayed E-DIN’ as
E-DIN data from succeeding sampling date . P values are presented in
bold for αcrit (0.05)
Relation y versus x Intercept y-axis (b) Slope (a) R2 Adjusted R2 F (df1,df2) P
I-DIN versus E-DIN 0.006 0.445 0.309 0.259 6.25 (1,14) 0.025
QN versus E-DIN 0.885 1.334 0.470 0.432 12.42 (1,14) 0.003
QN versus I-DIN 1.068 2.094 0.745 0.727 40.88 (1,14) <0.0001
I-DIN versus delayed E-DIN 0.008 0.346 0.535 0.502 16.13 (1,14) 0.001
QN versus delayed E-DIN 0.995 0.869 0.573 0.542 18.76 (1,14) 0.001
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The length to width ratio (L:W) was consistently higher for the
February than the April and May outplantings throughout the
study period, with 6.1 ± 0.08 compared to 4.5 ± 0.07 and 4.5 ±
0.21 (mean ± SE, n = 455; 288; 24) (Electronic Supplementary
Material 1).
Relative DGR was significantly greater for seaweed
outplanted in April than February and was significantly affect-
ed by date (Fig. 6b and Table 3), with higher rates in early than
late summer. Relative DSR was also significantly higher for
the seaweed outplanted in April than February and decreased
from June to early August for both outplantings (Fig. 6b,
Table 3), though there was no significant relationship between
DSR and DGR (See Electronic Supplementary Material 2).
Epibiosis (total, species and M. membranacea
settlers)
Epizoans were first observed in late June, then their abun-
dance increased slowly until a main fouling event occurred
before the last sampling in September (Fig. 7a). Epizoan den-
sity peaked 6.5 and 5 months after outplanting for the
February and April outplantings, respectively (Fig. 7a).
There was a significant interaction between outplanting time
and sampling date for the number of epizoans per area kelp
frond (Fig. 7a and b, and Table 4). Abundance of epizoans
was significantly different among outplanting treatments in
September only (Table 4). The number of fouling organisms
Figure 5 a C:N ratios of tissue of
S. latissima at 69° N outplanted at
different times of the year. b and
carbon content (mg C g−1 DW).
The arrows show when the ropes
were thinned. Mean ± SE, n = 3
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per area at the last sampling in September was not affected by
the total area of the seaweed (Fig. 7b).
Five species were attached to the S. latissima fronds: the
hydroidObelia geniculata, the bivalveMytilus edulis, the bar-
nacle Balanus sp. and the bryozoans Membranipora
membranacea and Elec tra pi losa (F ig . 8b) but
M. membranacea was the most abundant epizoan for all
outplantings and dates. The relative contributions in total
epibiosis abundance by E. pilosa were highest in early sum-
mer but only for the February outplanting, and were
succeeded first by M. edulis and then O. geniculata which
contributed substantially in August–September. Filamentous
algae (not quantified) first occurred on kelp tips of the
February outplanting in June and to a lesser extent on the
Fig. 6 aArea of the seaweed frond
in m2 as an effect of days in the sea,
mean ± SE, n = 7. b Relative daily
growth rate (DGR) in length for
Saccharina latissima outplanted in
February and in April at 69° N
(positive values) and relative daily
shedding rate (negative values) as
lost algae material in length. Mean
± SE, n = 7
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April outplanting; by the last sampling in September, they
were similar for all three outplanting times. There were sig-
nificant interactions between frond section and outplanting
time, and between frond section and sampling date for the
number of M. membranacea settlers (Table 5). More settlers
were present on the young meristematic region than on the
middle region and the tips for the February treatment. More
settlers were present on the meristematic region than the tips
for the April treatment, and more settlers were present on the
mid-section than the meristem for the May outplanting (Fig.
8c). Also, the number of settlers at each section was highest
for the February outplanting and lowest for the May
outplanting. Only in September was the number of
M. membranacea settlers highest on the meristem and lowest
on the tips for all outplantings.
Discussion
In this study, cultivation of S. latissima at 69° N was success-
ful when outplanted in both February and April, but not in
May. Our results generally supported our hypothesis that
quantity and quality of harvestable seaweed are affected by
outplanting time, but this effect was not consistent across all
examined variables or across the entire sampling period.
Tissue composition
There was no difference in total tissue nitrogen, QN, among
outplanting times, and the initially elevated levels of intracel-
lular nitrate, I-DIN, for the February outplanting were utilised
fast when extracellular nitrate, E-DIN, dropped. These results
were contrary to our hypothesis that earlier outplanting with
accompanying elevated E-DIN would result in a higher
content of intracellular nitrogen components (QN and I-DIN)
in S. latissima. This result is also in contrast to a previous
laboratory study with the same kelp species where nutrient
depletion in the tissue did not occur until 9 weeks in nutrient
replete water (Lubsch and Timmermans 2019). Similarly, de-
pletion of the intracellular nitrate storage in Laminaria
longicruris in Nova Scotia, Canada, followed the disappear-
ance of the external nitrate with a lag period up to 2 months
(Chapman and Craigie 1977). The reason for the fast depletion
of I-DIN in the present study may be that initial E-DIN con-
centrations were comparatively low, resulting in the internal-
tissue nutrient pools and other N-compounds not being filled
up before the external nutrient levels dropped to a minimum.
The storage of I-DIN in S. latissima is a slow process (Forbord
et al. 2021), and this species tends to store nitrate when the
ambient nitrate concentrations are higher than 10 μM
(Chapman et al. 1978), levels never recorded in our study
(Fig. 1).
I-DIN and QN concentrations followed a seasonal pattern,
as also found by Forbord et al. (2020) across Norway, being
highest in the beginning of the sampling period, when extra-
cellular nitrate levels were also highest before summer strati-
fication, and before the phytoplankton spring bloom reduces
the E-DIN (Ibrahim et al. 2014). Both QN and I-DIN were, as
hypothesised, significantly affected by the availability of ex-
tracellular nitrate (E-DIN) throughout the sampling period and
as a result were also correlated with each other. I-DIN dropped
to near zero in July, when QN dropped below 10 mg N g
−1
DW, which is likely because QN values exceeding 1% of DW
(or 10 mg N g−1 DW) allow internal storage of nitrate in
S. latissima (Asare and Harlin 1983). Both the incorporation
of nitrogen in the seaweed tissue (QN) and the intracellular
storage of nitrate (I-DIN) responded with a 2–3 week delay
relative to the altered levels of nitrate available in the water
Table 3 Results of repeated
measures ANOVA analysing the
effects of outplanting time (fixed
factor, two levels) and sampling
date (random factor, five levels)
on relative daily growth rates
(DGR) and relative daily shed-
ding rate (DSR) of Saccharina
latissima. P values are presented
in bold for αcrit (0.05)
Effect Source df MS F p value Partial η2
DGR (day-1) Within-subjects effects
Sampling date 4 0 48.04 <0.001 0.889
Error (date) 24 4.13E-06
Outplanting 1 0 15.21 0.008 0.717
Error (outplanting ) 6 1.42E-05
Outplanting × sampling date 1.57 1.24E-05 2.43 0.146 0.288
Error (outplanting × date) 0 1.33E-05
DSR (day-1) Within-subjects effects
Sampling date 4 1.18E-05 5.23 0.004 0.466
Error (date) 24 1.25E-06
Outplanting 1 6.08E-05 120.59 <0.001 0.953
Error (outplanting) 6 5.04E-07
Outplanting × date 4 1.61E-06 1.86 0.151 0.236
Error (outplanting × date) 24 8.66E-07
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column. QN in members of the Laminariales order follow
ambient nitrate level at various time lags (Chapman and
Craigie 1977; Wheeler and North 1980, 1981). Protein con-
tent is another indicator of kelp quality and based on an aver-
age nitrogen-to-protein conversation factor (Kp) for the pres-
ent location of 3.9 ± 0.3 (mean ± SE) (Forbord et al. 2020),
protein concentration was estimated at 99mg g−1 DWproteins
in June and declined to less than one third (30 mg g−1 DW) 2
months later for all outplanting treatments. Thereby, supply-
ing a higher protein yield if the seaweed biomass is harvested
earlier in the season.
While outplanting time did not affect nitrogen components,
it did affect carbon content. Sporophytes outplanted in April
had a higher carbon content and a higher C:N ratio than those
outplanted in February, suggesting a higher accumulation of
carbohydrates for the former. Photosynthetic rates are affected
by biotic factors such as morphology, ontogeny, age, and cir-
cadian rhythms (Hurd et al. 2014), and the assumed higher
surface area:volume ratio of the smaller April sporophytes
may contribute to a higher photosynthetic rate, resulting in
higher carbon content and also higher growth rates (Littler
and Arnold 1982). In contrast, older individuals of a related
species, Laminaria hyperborea, can have a higher C:N ratio
than first-year sporophytes (Sjøtun et al. 1996). The critical
nitrogen concentration (QN) to sustain maximum growth rate
in S. latissima is ~1.9 % of DW (Chapman et al. 1978). When
Fig. 7 a The number of epizoans
per m2 seaweed frond over the
time period elapsed since
outplanting for the three
outplanting times. b Number of
epizoans per m2 as an effect of the
kelp frond area on the last
sampling date (5 September
2018) for the three outplanting
dates
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nitrogen content is above that value, carbon content is posi-
tively correlated to the nitrogen content for Saccharina
japonica (Mizuta et al. 1997). This is consistent with the stable
C:N ratio of ~10 in our study which persisted until the begin-
ning of July for both outplantings in the present study. Carbon
content increased over time for all outplanting dates when
irradiances was higher and seaweed growth rates slower.
This pattern suggests an accumulation of carbohydrates in
summer when reserve carbon storage compounds increase
(Sjøtun 1993; Azevedo et al. 2019).
It is possible that the higher initial density of sporelings in
February than other outplanting dates may have introduced
some confounding effects on the results. An increased com-
petition for resources with an accompanied reduction in car-
bon and nitrogen tissue (QN) content can occur in dense sea-
weed stands (Creed et al. 1998; Svensson et al. 2007).
However, this did not appear to be the case in the present
study. In fact, the seaweed of the February ouplanting before
the thinning event demonstrated a higher I-DIN, similar QN
and carbon content than the lower-density April outplanting.
Post-thinning, when both outplantings had similar densities,
the initially thinner April outplanting treatment was more ni-
trogen limited (as evidenced by significantly higher C:N on
two dates) than the February one. Post-thinning, the April
outplanting also had a higher relative growth rate than the
February one, consistent with previous studies showing that
smaller individuals have a faster growth rate (Creed et al.
1998). Additionally, variations in biomass have been shown
to not influence epibiotic species richness and composition
(Walls et al. 2017). We conclude that the initially unequal
density of spore solution, while not ideal, was unlikely a cause
of different sporeling density in June, but rather an effect of
self-thinning and further that the thinning 8 June did not affect
the results as the trends in relative DGR and DSR and chem-
ical content were consistent throughout the remainder of the
study period.
Seaweed growth (frond area, DGR and DSR)
In support of our hypothesis, frond area was larger throughout
the experiment in seaweed outplanted in February than April
and May. In Asia that has a longer seaweed cultivation tradi-
tion than Europe, similar studies investigating the effect of
earlier outplanting showed that outplanting young
sporophytes earlier in the season at lower temperatures can
both inhibit competition with other seaweeds and more than
double the seaweed yields due to the extended grow-out phase
in sea (Tseng et al., 1955).
Earlier studies of the cultivated Laminariales, S. latissima, L.
digitata and Undaria pinnatifida, at 43° N to 70° N show a
similar trend with increased production in yield when outplanted
earlier in the season (e.g. Peteiro and Freire 2009, 2012; Edwards
and Watson 2011; Handå et al. 2013). In contrast, one study in
theUK reported a lower biomass production in S. latissimawhen
outplanted in November compared to December and February
(Kain et al. 1990).
Contrary to our hypothesis, however, earlier outplanting did
not result in an increased relative DGR through the summer. In
fact, DGR was significantly higher when kelp was outplanted
later (April) than earlier (February). Given that the younger and
smaller individuals from the April outplanting had a higher car-
bon content and, in summer (July to August), a higher C:N,
indicating nitrogen limited growth; thus, the higher DGR in the
April outplanting may be due to processes not restricted by ni-
trogen. One possible explanation is that younger individuals of
several Laminariales species, including S. latissima, exhibit age-
specific seasonal growth, with a prolonged duration of high veg-
etative growth in summer (Lüning 1979; Druehl et al. 1987), and
the triggering mechanisms for seasonal growth for many kelp
species is an underlying endogenous circannual rhythm
(Lüning and Tom Dieck 1989; Lüning and Kadel 1993).
Experiments have indicated that the development of the endog-
enous growth rhythm of juvenile Laminaria sporophytes oc-
curred a few weeks after sporophyte ontogeny (Bartsch et al.
2008), possibly explaining the longer growth season for juvenile
sporophytes, as well as the higher DGR of the younger April
outplanting sporophytes in the present study. DGR declined
Table 4 Results of two-way
ANOVA analysing the effects of
outplanting time (fixed factor,
three levels) and sampling date
(random factor, five levels) on
total amount of fouling organ-
isms. P values are presented in
bold for αcrit(0.05). F: February
outplanting, A: April outplanting,
M: May outplanting
Effect df MS F p Post hoc (Bonferroni correction)
No. epizoans m-2 kelp
Outplanting time 2 320,116.36 10.84 0.024
Date 4 478,762.43 15.44 0.011
Outplanting time × date 4 31,017.36 24.56 <0.001 5.9.2018: F > A > M
Error 65 1262.81
Fig. 8 Organisms fouling Saccharina latissima outplanted at three
different times (F:February, A:April and M:May) from 28 June until 5
September. a Density (number of epizoans m-2 kelp) over time for the
three outplanting dates. Mean ± SE, n = 7. b Relative composition of
epizoans for each sampling date: Balanus, Balanus sp.; Mytilus, Mytilus
edulis; Electra, Electra pilosa; Hydroids, Obelia geniculata;
Membranipora, Membranipora membranacea. c Settlers of
M. membranacea relative abundance on three frond sections for the





significantly over the duration of both the February and April
outplantings. Growth reduction for S. japonica has been shown
to occur when QN falls below 21 mg g
−1 DW (Mizuta et al.
1997). In our study, this value was reached around mid-June,
approximately the same time when the C:N sharply increased.
This growth pattern, with the main growth occurring during win-
ter and carbon being stored during summer, is consistent with
other studies in areas with nitrogen abundant in winter (Gagné
et al. 1982).
Both later outplanting and season significantly increased the
shedding of the tips (DSR). A higher amount of shedding of
S. latissima has been positively correlated to E-DIN
(Boderskov et al. 2016), whereas the opposite has been the case
for U. pinnatifida (Yoshikawa et al. 2001). Our study does not
support an effect of E-DIN on shedding rates. Frond age of
several Laminariales has a positive correlation with shedding
(Kurogi 1957; Nishikawa 1967; Zhang et al. 2012). However,
Sjøtun (1993) found that shedding per se is not related to age, but
that longer fronds are more prone to shedding. This is not con-
sistent with our results of a relatively higher shedding of the
smaller individuals in the April outplanting.
Epibiosis (total, species and M. membranacea
settlers)
Our results supported the hypothesis that outplanting time affects
the amount of fouling organisms (epizoans) in general and
M. membranacea settlers in particular. In September, when foul-
ing was greatest, the occurrence of epizoans was significantly
higher in the seaweed outplanted earliest than at the later
outplanting times. Epibiosis of perennial seaweeds at mid- and
high latitudes typically peaks earlier than in our study, in sum-
mer, when seaweed growth rate is reduced (Lüning and Pang
2003) and recruitment rates of epizoic larvae increase (Lüning
and Pang 2003; Saunders and Metaxas 2007; Forbord et al.
2020). Increasing temperature is the main driver for the timing
of larval settlement (Saunders and Metaxas 2007). Continuous
growth and shedding in summer, which was higher for the April
outplanting, may help reduce the density of fouling organisms.
The differences in epizoan densities among the outplanting times
may, therefore, be a result of the relationship between larval
supply timing and different turnover times of frond tissue caused
by the varying growth and shedding rate. From an industrial
point of view, however, it is more important to note that seaweed
from both successful outplanting dates were in fact greatly fouled
by September regardless of outplanting date (>550 epizoans m−2
frond for February experiment and > 300 epizoans m−2 frond for
April experiment). The seaweed outplanted in May was much
less fouled (<60 epizoans m−2 frond), but the biomass produced
was minimal.
The two most abundant epizoans, the bryozoan
M. membranacea and the hydroid O. geniculata, were also re-
ported as dominant taxa in earlier studies in this region (Matsson
et al. 2019; Forbord et al. 2020). Both species arewidespread and
found on cultivated (Peteiro and Freire 2013; Førde et al. 2015;
Walls et al. 2017) and wild seaweed in the boreal and sub-Arctic
Atlantic (Lambert 1990; Fredriksen et al. 2005; Scheibling and
Gagnon 2009). The other three less abundant species in this
study, Electra pilosa, Mytilus edulis and Balanus sp., are not
reported by the same studies, likely because of their low density
on cultivated seaweed (Matsson et al. 2019; Forbord et al. 2020).
Density of M. membranacea settlers was higher on seaweed
outplanted in February compared to April and May. This is the
first study showing that M. membranacea settlers prefer
S. latissima fronds that are outplanted later in the season. It was
also shown that the younger meristematic regions had a higher
density ofM. membranacea settlers, in agreement with previous
studies and possibly as a result of preferential larval settlement
(Denley et al. 2014). In addition, M. membranacea larvae may
alter their behaviour in response to habitat types and can detect
small-scale differences in substrate quality (Matson et al. 2010),
possibly through chemical cues (Brumbaugh et al. 1994). In the
present study, there were no significant differences between the
concentrations of N-compounds (I-DIN and QN) within the
Table 5 Results of three-way ANOVA examining the effects of
outplanting time, sampling date and frond section on M. membranacea
settlers. P values are presented in bold for αcrit(0.05). Outplanting in
F:February, A: April, and M: May at three regions of the frond; Mer:
meristematic, Mid: middle, and T: tip
Effect df MS F p Post hoc (Bonferroni correction)
Section 2 10,564.83 0.07 0.929
Outplanting time 2 122,421.16 4.49 0.092
Date 4 443,526.80 2.43 0.123
Section × outplanting time 4 211,937.76 16.99 <0.0001 A: Mer > Tip, F: Mer > Mid, Mer > Tip, M: Mer < Mid,
Mer/Mid/Tip: F > A > M
Section ×date 8 166,793.10 13.20 0.001 5 September 2018: Mer > Mid > Tip
Outplanting time × date 4 28,212.33 2.23 0.155
Section × outplanting × date 8 12,635.21 1.33 0.230
Error 195 9496.80
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seaweed tissue of the different outplanting times, making a nitro-
gen cue unlikely. Production of defence compounds such as
phlorotannins may provide an alternative cue. Pavia and Toth
(2000) suggest a Carbon Nutrient Balance Model for seaweeds,
according to which photosynthetically fixed carbon will be allo-
cated to production of defence compounds when nutrients are
limiting growth (i.e. when C:N is high). While we did not mea-
sure defence compounds, the C:N ratio was significantly higher
in seaweed outplanted in April than February, particularly in
mid-August prior to the peak in epibiosis, implying a possible
higher production of defence compounds in the April
outplanting.
Conclusions
Our results indicated that, for the February outplanting, a
prolonged time for grow-out at sea prior to the main recruitment
event in September resulted in a doubled frond area than in the
April outplanting. Therefore, we recommend outplanting in
February over April in this area. Even earlier outplanting before
the onset of the Polar night in late autumn may be advantageous
and should be examined although it poses a higher risk of au-
tumn and winter storms damaging the seaweed farm.
Outplanting time affected the quantity of seaweed produced,
and from an industrial perspective, outplanting time also affected
the quality of the produced biomass. An earlier outplanting time
resulted in lower carbon content and higher amount of fouling
epizoans, but no difference in seaweed nitrogen compounds (I-
DIN or QN). The most suitable harvesting time, therefore, de-
pends on the type of desired end-product. When large biomass
production is preferred, an extended grow-out phase with latest
harvesting is recommended. For more delicate fronds with little
epibiosis intended for direct human consumption, a delayed
outplanting and earlier harvesting may be advantageous.
Depending on the desired chemical compositionwhen producing
feed ingredients or to produce microbial growth media, protein-
rich epizoans may be included in the end-product, allowing for a
later harvesting. In conclusion, our findings improve the knowl-
edge on optimal cultivation period as well as the effect of varia-
tion in cultivation timing, thereby improving the yield as well as
the quality of cultivated seaweed.
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